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SECTION  I 


INTRODUCTION 


The  acoustoelectric  convolver  has  been  found  to  be  highly  effective  for  process- 
ing long,  coded  waveforms  in  spread-spectrum  communication  systems.  The  con- 
volver approach  now  being  evaluated  in  such  systems  is  a combination  surface 
acoustic  wave  (SAW)/semiconductor  device  where  the  semiconductor  is  spaced  above 
a piezoelectric  surface  and  acoustoelectric  interactions  take  place  across  the  air  gap. 
An  alternate  approach  is  the  strip-coupled  convolver  (SCC).  Here,  the  mode  of  oper- 
ation is  exactly  analogous  to  that  of  the  air-gap  convolver  (AGC),  but  differs  from  this 
device  in  that  the  electric  field  associated  with  the  propagating  acoustic  wave  is 
transferred  over  to  a region  of  the  device  adjacent  to  the  acoustic  path  by  means  of  a 
large  number  of  metallic  strips.  A number  of  authorsl~:*  have  investigated  this 
device  and  have  found  that  the  efficiency  of  the  SCC  can  be  as  much  as  two  orders  of 
magnitude  greater  than  that  of  a corresponding  AGC.  However,  most  of  these  devices 
have  had  small  time-bandwidth  (TB)  products.  This  has  been  the  case  because  the 
maximum  length  of  the  signal  capable  of  being  processed  by  the  device  is  determined 
by  the  time  delay  provided  by  the  acoustic  propagation  path.  For  the  SCC,  a large 
time  delay  necessitates  defining  an  extremely  large  number  of  narrow  metallic  strips 
on  the  surface  of  the  piezoelectric  substrate. 

This  report  describes  the  result  of  a new  approach  for  utilizing  the  SCC  which 
enables  one  to  obtain  large  TB,  and  still  retain  most  of  the  increased  efficiency.  In 
essence,  the  total  interaction  region  is  split  into  N sections  by  utilizing  N SCC's. 

These  SCC's  are  all  identical  except  that  the  coupling  strips  on  each  substrate  occupy 
a different,  unique  location  on  the  propagation  path.  As  each  set  of  strips  cover  l/N 
of  the  required  delay,  the  sum  of  the  N outputs  is  equivalent  to  the  output  of  a single 
convolver  with  a long  interaction  region.  The  advantage  of  this  system  is  that  a 
smaller  number  of  strips  must  be  fabricated  for  each  section,  thus  making  the  fabri- 
cation problems  manageable  as  well  as  reducing  the  deleterious  effects  such  as  losses, 
reflections,  etc.  which  inevitably  arise  from  an  extended  region  of  metallization. 

In  the  work  performed  during  this  program,  this  multichannel  approach  has 
been  demonstrated  utilizing  bismuth  germanium  oxide  (BGO)  as  the  piezoelectric 
material.  We  feel  that  the  major  accomplishments  of  this  program  have  been  as 
follows: 

1.  Demonstrating  that  the  multichannel  technique  is  a valid  method  for 
achieving  large  time-bandwidth  products  with  strip-coupled  devices. 

(Using  this  multichannel  technique,  we  have  evaluated  SCC's  having  time 
bandwidth  (TB)  of  from  83  to  1039.  To  the  best  of  our  knowledge  these  are 
the  largest  TB's  ever  reported  for  devices  of  this  type. ) 

T Kino,  G.  S.  and  Shreve,  W.  R. , J.  Appl.  Phys.  44,  3960-3968  (1973). 

2.  Otto,  Oberdan  W. , paper  presented  at  Polytechnic  Institute  of  New  York,  MRI 
Symposium  on  Optical  and  Acoustical  Microelectronics,  New  York  (April  1974). 

3.  Aoki,  T. , Matuda,  M.  , and  Hattari,  S.  , IEEE  Trans,  on  Sonics  and 
Ultrasonics,  SU-25,  No.  4,  213-220  (1978). 
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2.  Obtaining  nonlinear  coupling  coefficients  on  the  best  device  which  has 
the  theoretical  order  of  magnitude. 

3.  Showing  how  the  first  two  results  imply  that  large-TB  convolvers  having 
bilinear  conversion  efficiencies  from  -60  dBm  to  -55  dBm  (some  10  dB  to 
15  dB  better  than  current  modes)  are  a real  possibility,  provided  external 
losses  can  be  reduced. 

In  Section  II,  the  design  theory  for  these  devices  is  presented.  Section  2. 1 of 
Section  II  describes  the  physical  principals  involved,  while  the  multichannel  approach 
is  discussed  in  detail  in  Section  2.5.  The  results  of  the  experimental  Investigations  are 
given  in  Section  III,  with  a concise  summary  of  convolver  results  being  presented  in 
Table  1 in  that  section.  Final  conclusions  and  recommendations  for  future  work  are 
given  in  Section  IV. 
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2.1  PHYSICAL  PRINCIPLES 


The  physical  mechanisms  involved  in  producing  the  convolution/correlation 
function  of  two  input  signals  with  SAW  devices  (or  with  SAW/semiconductor  combina- 
tions) have  been  described  in  detail  by  several  authors  1~3.  Therefore,  only  a brief 
outline  of  acousto-electric  convolver  theory  with  emphasis  on  the  strip-coupled 
approach  will  be  presented  here. 

The  simplest  SAW  convolver  utilizes  only  a piezoelectric  substrate  and  is 
configured  as  shown  in  Figure  1(a).  Two  signals  of  frequency  cj  are  fed  into  the  two 
interdigital  transducers  (IDT's),  producing  a pair  of  oppositely  propagating  surface 
acoustic  strain  waves,  Sj  and  S2.  The  displacement  field,  D,  in  the  region  where  'j 

the  two  waves  interact  can  be  shown  to  be  * 


I)  efSj  + S2)  + €(Ej  + E2)  + KSj  S2  (1) 

where  e and  e are  the  piezoelectric  strain  constant  and  dielectric  constant, 
respectively,  and  Ei  and  E2  are  the  two  piezoelectrically  generated  electric  fields. 
The  final  term  in  Eq.  (1)  is  nonlinear  and  varies  with  a frequency  of  2u>;  K is  a con- 
stant proportional  to  the  strength  of  this  term  and  is  a strong  function  of  the  material 
employed.  If  a thin  metal  plate  of  length  L is  placed  midway  between  the  two  input 
transducers,  the  voltage  induced  across  this  plate  to  ground  is  given  by 


(2) 


where  w is  the  width  of  the  plate,  c is  the  total  capacitance,  and  the  Z axis  is 
perpendicular  to  the  crystalline  surface.  It  can  be  shown  that  all  terms  oscillating 
at  frequency  u are  traveling  waves  and  integrate  to  zero,  so  that  equation  (2) 
becomes 


2w  c 


? / 


L/2 


L/2 


D„  dZ 

2 Cl) 


(3) 
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1.  Op.  cit. 

2.  Op.  cit. 

3.  Op.  cit. 
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Thus,  the  output  voltage  at  2u>  is  directly  proportional  to  the  integral  of  the  product 
of  the  two  oppositely-directed  strain  waves.  The  processes  of  shifting  (represented 
by  the  two  op)x>sitely-directed  traveling  waves),  multiplication  (represented  by  the 
nonlinear  interaction),  and  integration  (represented  by  the  voltage  induced  across 
the  plate)  are  exactly  those  processes  involved  in  obtaining  the  convolution  of  two 
functions.  Thus, 


V2»  h(t)  A f(t)  g (t-r)dr  (4) 

— CO 

where  h(t)  is  the  usual  symbol  for  the  convolution  of  two  functions  f(t)  and  g(t). 
Correlation  may  be  obtained  by  time  reversing  one  of  the  functions 

h(t)  /f(t)  g(T-t)dr  (5) 

The  simple  acoustic  convolver  is  not  suitable  for  most  systems  applications, 
since  the  magnitude  of  the  nonlinear  interaction  is  very  small.  Thus,  means  have 
been  sought  to  enhance  the  nonlinear  effect,  and  these  means  have  usually  involved 
methods  for  coupling  of  the  strain  produced  electric  field  to  the  strong  space  charge 
nonlinearities  of  semiconductor  materials.  The  air-gap  convolver  (AGC)  shown  in 
Figure  1(b)  utilizes  a semiconductor  (usually  silicon)  chip  spaced  a few  tenths  of 
microns  above  the  surface  of  the  piezoelectric  substrate.  The  electric  fields  pro- 
duced by  the  propagating  strain  waves  interact  with  the  semiconductor  charge  car- 
riers, and  the  resultant  voltage  induced  across  the  silicon  to  ground  is  proportional 
to  the  product  of  the  normal  components  of  the  two  fields. 


Consider  the  normal  component  En  of  an  electric  field  produced  by  a propagat- 
ing surface  acoustic  wave.  En  will  produce  a depletion  layer  of  thickness  at  the 
surface  of  the  silicon  given  by 


E 


n 


N<iqln 


<<» 


where  N(]  is  the  donor  density  for  an  n-type  material,  q is  the  electronic  change  and 
e is  the  permittivity.  If  V.  is  the  voltage  developed  across  the  layer,  E V./  i j) 

so  that 


Nd"'i>2 

2E 


(7) 


When  the  potential  V|  is  very  small  (V|  <<  kT/q),  the  depletion  layer  will  be  much 
smaller  than  the  Debyelength  (![)«  Xj),  and  Eq  (7)  must  be  modified  to  obtain 


V» 

(iE 


(8) 
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For  the  cases  discussed  here,  V|  will  always  be  small,  so  Eq  (8)  will  be  taken  as 
the  basic  defining  relationship.  To  express  the  potential  in  terms  of  the  field  Eq  (G) 
is  substituted  in  Eq  (8)  and  one  obtains 


eE 


(iqN 


(9) 


It  should  bo  noted  that  the  degrading  effects  of  diffusion  are  assumed  to  be 
negligible,  which  will  be  true  if 

w « (wD,  wM)  (10) 


where  w is  the  operating  radian  frequency  and 

% ''2/I)  Tnv 


to 


M 


(ID 


to  £/<r 
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In  Eq  (11),  v is  the  acoustic  velocity,  q is  the  electronic  charge,  k is 
Boltzman's  constant,  p is  the  mobility  of  the  semiconductor,  <J  its  conductivity  and  € 
its  permittivity.  For  the  materials  discussed  in  this  report  W[)  ^ 1 0 1 1 , coj^j  - 6 x 
10  , and  the  operating  frequency  co~2.5  x 10®.  Thus,  any  diffusion  effects  will 

be  minor. 


Returning  to  Eq  (9).  the  field  En  at  the  silicon  surface  arises  from  the  acoustic 
strain  wave  propagating  on  the  piezoelectric  substrate.  Two  such  strain  waves 
propagating  in  opposite  directions  along  the  x axis  will  have  associated  fields  given 
by  Eiei(wt_kx)  and  E2ej<t  kx),  respectively.  Thus,  the  total  electric  field  from  the 
crystal  at  a given  |>oint  will  be 


E E1ej(a,t'kx)  - E2ej(Wt  kx) 


and 


E2 


F JM-kx)  JiwMoc) 

Eie  L2e 


ElE2ej2Wt  ’ 1/2(El2  1 E22) 


(12) 


(13) 
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6 


I 

I 

I 

I 

I 

I 

! 

I 

I 

I 

I 

1 


Substituting  Eq  (19)  into  Kq  (9)  it  will  be  seen  that  there  is  a term  in  the  deple- 
tion layer  potential  expression  proportional  to  the  product  of  the  two  input  waves 
oscillating  at  a radian  frequency  2w.  Fpr  low  signal  levels  the  d-e  term  <x(E]2  * 
E22)  will  not  be  important  and  N- 


/ K»E2 
'2w  <>qNd 


(14) 


where  Ej  and  K2  are  understood  to  be  the  normal  components  of  the  respective  fields. 


Equation  (14)  is  a general  expression  which  holds  for  all  transverse  field 
piezoelectric-semiconductor  convolution  devices,  assuming  low  signal  levels  and 
negligible  diffusion  effects. 


However,  to  design  an  operating  device  it  is  necessary  to  be  able  to  determine 
V2  in  terms  of  material  parameter  and  input  powers.  It  can  be  shown1  that  for  an 
AGC  with  input  powers  Pi,  P2  watts  and  acoustic  beam  width  b meters  the  voltage 
developed  across  the  silicon  chip  to  ground  is  given  by 
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2w 


8 

.‘IqNd 


<*o  ^„)iav/V|" 

(1  ‘tpOVc/t,/ 


(15) 


Here,  £0,  £p  and  Es  are  the  dielectric  constants  of  free  space,  the  piezoelectric 
and  the  semiconductor,  respectively;  pis  the  propagation  constant;  v is  the  acoustic 
velocity;  and  h is  the  distance  between  the  surface  of  the  piezoelectric  substrate  and 
the  facing  surface  of  Si  chip. 

The  strip-coupled  convolver  (SCC)  shown  in  Figure  1(c)  and  2 is  a modification 
of  the  AGC.  The  basic  mode  of  operation  of  the  SCC  is  exactly  the  same  as  that  of 
the  AGC,  but  it  differs  in  that  the  electric  fields  associated  with  the  propagating 
surface  waves  are  transferred  over  to  a region  of  the  substrate  adjacent  to  the 
acoustic  path  by  means  of  a large  number  of  metallic  coupling  strips.  Otto2  has 
calculated  the  output  of  an  SCC  assuming  an  infinite  number  of  strips  per  acoustic 
wavelengths;  this  is  a useful  approach  for  establishing  ultimate  limits  on  the 
efficiency  of  these  devices. 

However,  for  any  practical  application  the  number  of  coupling  strips  will  be 
finite;  the  current  photolithographic  fabrication  limit  is  about  2 pm.  Thus,  the 
original  theoretical  analysis  of  the  SCC  with  a finite  number  of  strips  performed 
by  Kino  and  Shreve1  and  Aoki  et  al2  is  appropriate  for  the  present  work.  Recently, 
Aoki  et  al^  have  published  a finite  strip  theory  for  the  SCC  based  on  a parametric 
circuit  analysis  approach.  In  these  latter  analyses,  the  determination  of  the  field 
coupled  onto  the  semiconductor  surface  requires  summation  over  a large  number 
of  space  harmonics. 


*Op.  clt. 


7 


Figure  2.  Strip-Coupled  Convolver 

Following  Kino  and  Shreve,  it  can  be  shown  that 

8 (Av/v)(e  + e )w  R2  l2  (ivy1 72 

y ° P — i — — 

2w  :iqNd  es  vs2  Mil  a/b  . ph  l(e0  + ep)/e  1 


Here,  is  the  dielectric  constant  of  the  oxide  layer  on  the  semiconductor  surface, 
while  R and  M are  parameters  which  contain  Legendre  polynominals  whose  arguments 
are  functions  of  the  geometry  of  the  coupling  structure  and  propagation  constant. 
These  parameters  are  given  by 


where  I is  the  strip  periodicity,  lj  is  the  strip  width,  P_w  is  a Legendre 
polynominal  of  order  v and  v l/\. 


(17) 


(18) 
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There  are  two  key  faetors  in  Eq  (10).  If  h,  the  thickness  of  the  oxide  layer  on 
the  semiconductor  surface  is  very  small  (less  than  500A),  then  the  second  term  in 
the  denominator  brackets  can  be  neglected  and  the  value  of  V2  for  a given  strip  geo- 
metry and  input  power  will  be  controlled  by  a/b,  the  ratio  of  width  of  the  silicon 
under  the  coupling  strips  to  the  acoustic  beamwidth.  Comparing  with  Eq  (15)  it  will 
be  seen  that  the  output  of  the  SCC  could  be  substantially  greater  than  that  of  the  ACC, 
other  factors  being  equal.  The  reason  for  this  increase  in  efficiency  is  a better 
impedance  match  between  the  acoustic  and  semiconductor  region  of  the  device. 

In  order  to  obtain  an  efficiency  factor  which  depends  only  on  material  and 
geometrical  parameters  independent  of  input  power  levels,  the  expression  for  V2 
is  divided  by  [I,il)2/b]  to  obtain  a constant  M: 


M 


V, 


<P1  P2> 
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(19) 


M is  usually  referred  to  as  the  nonlinear  coupling  coefficient.  In  the  MKS  system 
it  has  dimensions  of  volt-meter/watt.  From  Eq  (15), 


Similarly, 

Thus, 
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can  be  obtained  from  Eq  (16). 
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Using  the  parametric  circuit  analysis  approach,  Aoki  et  al  obtained  an  expres- 
sion for  M similar  to  Eq  (20),  if  the  equivalent  circuit  strip  impedance  in  the  acoustic 
beam  is  very  much  larger  than  the  strip  impedance  at  the  semiconductor.  However, 
if  the  equivalent  acoustic  strip  capacitance  is  small  with  respect  to  that  at  the  semi- 
conductor, a new  expression  for  M is  obtained: 
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where  s is  the  strip  periodicity,  A is  the  number  of  strip  per  wavelength,  c is  the 
capacitance  across  the  depletion  layer  and  0 is  the  built-in  junction  voltage,  ris 
given  by 


r wk  «b(E() 


Sinfrs)  P-s<cosA) 
EP*  7TS  P_s(-COSA) 


(22b) 


where  k is  the  wave  number.  Use  will  be  made  of  this  equation  since  Tis  large  for 
bismuth  germanium  oxide. 

2 2 FIGURE  OF  MERIT  FOR  DEVICE  EFFICIENCY 


M obtained  from  Eq  (21)  is  a figure  of  merit  which  is  most  helpful  when 
comparing  two  materials  combinations  for  convolver  design  applications.  Another 
useful  parameter  which  characterizes  the  efficiency  of  a convolution  device  is  the 
bilinear  conversion  efficiency.  Ft-  Since  a convolver  has  two  input  terminals  and 
one  output  terminal,  this  efficiency  is  defined  somewhat  differently  from  the  insertion 
loss  characteristic  of  an  ordinary  two  terminal  delay  line.  Ft  is  defined  as 


Fn 


r p p 
12 


(23) 


where  Pi,  IJ2  are  the  electrical  ;np  t powers  and  P3  is  the  output  power  into  a 
specified  load  (usually  5012).  If  P2  is  designated  as  the  reference  input  power  and 
all  of  the  power  levels  are  given  in  dBm  then 

FT(dBm)  P3(dBm)  - [lydBm)  + P2(dBm)]  ; 

and 


Insertion  Loss  (dB)  FT(dBm)  • p (dBm)  (24) 

For  example,  suppose  the  bilinear  conversion  efficiency  of  a particular 
convolver  is  given  as  -60  dBm.  Then,  if  a reference  power  level  of  +20  dBm  is 
held  fixed  at  one  terminal,  the  device  will  have  an  insertion  loss  of  -60  ^0  40  dB. 

Sometimes  an  internal  bilinear  efficiency  is  given.  In  this  case,  the  input  power 
levels  refer  to  the  acoustic  power  after  subtraction  of  the  losses  due  to  bidirection- 
ality of  the  transducers  and  the  propagation  loss.  Thus,  Fxint  is  given  by 


T P P 
int  1.  , 2.  . 

int  int 


(25) 


FT(int)can  be  related  to  the  nonlinear  coupling  coefficient  by  combining  Eq  (25) 
with  Eq  (19).  Thus, 


FT(int)  fb^  IRl' 

where  is  the  output  load  resistance  in  ohms. 


(26) 


10 


I 


2.3  BANDWIDTH 

The  bandwidth  problem  for  the  SCC  can  be  divided  into  two  parts:  (1)  the 
bandwidth  limitations  imposed  by  the  basic  acousto-electric  structure  and  (2)  Lhe 
additional  limitations  determined  by  the  metallic  coupling  strips  placed  in  the 
acoustic  propagation  path.  These  two  aspects  v/ill  be  examined  in  turn. 

2.  3.  1 Output  Bandwidth  for  General  Convolver  Structure 

The  output  of  any  convolver  can  be  represented  by  a source  voltage,  Vs,  (the 
voltage  developed  across  the  depletion  layer  in  the  silicon)  in  series  with  a source 
impedance,  7,s.  The  source  impedance  contains  a resistive  term,  Rs,  arising  from 
the  finite  resistivity  of  the  silicon,  plus  a reactive  term,  Xs,  incorporating  the 
capacitive  reactances  of  the  silicon,  the  insulating  oxide  layer  and  the  piezoelectric 
substrate.  For  maximum  power  output  at  the  synchronous  frequency  u>  gj0  the 
reactive  term  can  be  tuned  out  with  a reactive  element  Xlo  -^so>  anc^  ^e 
resistive  load,  R[„  can  in  theory  be  matched  to  the  source  resistance  by  means  of 
a broadband  transformer  of  turns  ration  v Ni/N2,  where  Ni,  N2  are  the  number  of 
turns  in  the  primary  and  secondary  windings,  respectively,  and  with  v satisfying  the 
relation  Rs  2Rl»  The  basic  output  circuit  is  shown  in  Figure  3(a). 

The  power  output  1J0  of  the  circuit  shown  in  Figure  3(a)  is  given  by 

a /OH  \ 


With  the  loaded  circuit  Q defined  as 


R2  ^ V RI. 

the  3-dB  fractional  bandwidth,  B,  can  be  shown  to  be  approximately 

~ 2 B i 2 
QL  B W 

If  Qj  1,  then  (29)  reduces  to 
B 2/Q 

LJ 

The  transformer  turns  ratio  v required  for  the  output  network  shown  in 
Figure  3(a)  is  given  by 

r n Vi  1 
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(a)  TRANSFORMER  MATCHED 
SOURCE  IMPEDANCE 


(b)  RESISTANCE  MATCHED 

Figure  3.  Equivalent  Circuit,  Tuned  and  Untuned 

where  Q0  Xg0/Rs  (the  unloaded  Q).  Although  possible  in  theory,  it  is  not  always 
practical  to  achieve  the  turns  ratio  required  at  the  operating  frequencies  of  SAW 
devices,  so  an  output  network  of  the  type  shown  in  Figure  3(b)  must  sometimes  be 
employed.  Here,  the  loaded  Q is  reduced  by  adding  additional  series  resistance 
(QL  Xso/(Rs  + RL  ' Rb)  1111111  the  Q is  small  enough  to  achieve  the  desired  band- 
width. Since  the  match  is  not  as  good  for  circuit  b as  for  former  circuit  a,  the 
efficiency  of  the  network  will  be  reduced  with  respect  to  the  latter.  If  and 
QL*5  represent  the  loaded  Q's  of  circuits  a and  b,  respectively,  Q0lj  Xso/Rl*  Then, 


F1 

T(int) 


T(inl) 


hua  ri) 

* A 


Thus,  while  the  output  can  be  as  broadband  as  required,  some  loss  in  efficiency  will 
be  necessary  if  a transformer  with  suitable  turns  is  not  practical. 
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2.3.2  Bandwidth  for  Strip-Coupled  Structure 

The  large  number  of  periodic  metallic  strips  present  on  the  surface  of  the 
piezoelectric  substrate  are  a source  of  acoustic  reflection  and  will  thus  limit  the 
bandwidth  of  the  device.  To  determine  the  location  of  the  stop  bands  arising  from 
this  periodic  structure,  calculations  can  be  made  with  the  following  approach. 

The  basic  model  employed  is  the  standard  N cascaded  networks  transmission 
matrix.  This  approach  views  the  N coupling  strips  as  N passive  components,  each 
with  identical  impedance  Z\  connected  by  a transmission  line  of  impedance  Z2.  A 
diagram  of  this  system  is  shown  in  Figure  4.  Physically,  the  change  in  impedance 
seen  by  the  traveling  SAW  wave  at  the  edge  of  each  metallic  coupling  strip  is  due  to 
the  piezoelectric  field  which  changes  the  SAW  velocity  by  an  amount  v,  and,  to  a 
lesser  extent,  to  the  mass  loading  of  the  strip  which  tends  to  damp  out  the  surface 
wave.  Referring  to  Figure  4,  if  the  input  voltage,  Vi,  and  current,  Ij,  are  known, 
then  the  voltage  and  current,  VQ  and  I0,  can  be  calculated  using  the  ABCD  matrix: 
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where  the  subscripts  o and  m refer  to  the  values  on  the  transmission  line  (corres- 
ponding to  the  free  piezoelectric  surface),  and  the  passive  network  component 
(corresponding  to  the  metal  strip  region  of  the  surface  wave  device),  respectively. 
For  N sections, 
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and  if  each  section  i3  identical  (as  is  the  case  for  the  metal  strip  structure),  then 
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A B 
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A1 B1 
C1 D1 


(35) 


The  Aj  Bj  Cj  values  are  given  by 

A Cos  (2xf  f.  v ) 
o '00 

B j Z Sin  (2irf  l v ) 

O O OO 
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(36) 
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PASSIVE  COMPONENTS 
{—  METAL  STRIPS) 


/ / X 


Figure  4.  Cascaded  Network  Transmission  Line 


Here,  f is  the  frequency  of  the  SAW;  v0  and  vm  are  the  free  surface  and  metallized 
SAW  velocities;  and  S,m  and  lQ  are  the  strip  line  width  and  gap  width,  respectively. 
Using  the  values  of  Fq  (36),  the  AjBjCiDi  matrix  can  be  calculated,  and  the  final 
matrix  for  N strips  can  be  determined  from  Eq  (35).  The  transmission  coefficient, 
TF  (output  voltage/input  voltage),  and  the  reflection  coefficient,  RF  (reflected 
voltage/input  voltage),  can  then  be  calculated  from 
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Detailed  calculations  show  that  the  values  of  Eq  (37)  are  strongly  dependent  on 
Z.1/Z2,  the  ratio  of  the  free  surface/metallized  surface  impedance;  the  strip  period- 
icity, t0Ao  4 am  ; and  the  total  number  of  strips,  N.  For  a giver,  number  of  strips, 
the  strongest  reflection  occurs  at  a frequency,  fQ,  whose  wavelength  corresponds  to 
twice  the  strip  periodicity.  This  is  fortunate  for  our  purposes,  since,  as  explained 
in  Section  2,  the  strip-coupled  structure  must  have  at  least  three  strips /wavelengths, 
at  the  operating  frequency.  Thus,  the  strongest  reflection  will  lie  at  a frequency 
considerably  above  the  passband  of  interest.  Figures  5 through  7 show  the  reflection 
coefficient  vs  frequency  for  various  numbers  of  metallic  strips  on  bismuth  germanium 
oxide  (BGO).  The  strip  widths  are  chosen  so  that  there  will  be  about  three  strips  per 
wavelength  at  100  MHz,  the  center  frequency  of  the  input  transducer  designed  for  this 
program.  Note  the  maximum  reflection  in  all  cases  occur  at  approximately  150  MHz, 
and  that  the  reflection  coefficient  in  the  frequency  range  75  MHz-125  MHz/ (50 "A.  pass- 
band  at  100  MHz)  is  aiways  less  than  -30  dll.  The  unwanted  reflection  in  the  passband 
can  be  reduced  still  further  by  increasing  the  number  of  strips  per  wavelength  to 
four  (strip  width  2.  1 pm).  Figure  H provides  a detailed  look  at  the  75-125  MHz 
region  for  3,000  strips,  each  2. 1 pm  wide.  Here,  the  reflection  coefficient  is  below 
-40  dB,  except  at  the  extreme  high  end  of  the  passband. 


v 
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Figure  5.  Transmission/Reflection  Coefficient  for  3,000  Coupling  Strips 


The  conclusion  to  be  drawn  from  this  analysis  is  that  a fractional  band  width  of 
50 °/(  center  frequency  is  obtainable  with  a strip-coupled  device  having  three  or  more 
strips  per  wavelength,  since  the  stopband  lies  outside  the  passband  of  the  device.  The 
bandwidth  may  be  made  even  wider  if  it  is  possible  to  increase  the  number  of  strips 
per  wavelength.  Any  spurious  will  be  at  least  40  dB  down  in  the  region  of  interest. 

2.4  LOSSES 

2.4.1  General 

The  main  sources  of  loss  for  any  SAW  device  are:  (1)  the  3-dB  loss  per 
transducer  due  to  unidirectionality,  (2)  mismatch  between  IDT's  and  the  external 
circuitry  (sometimes  this  is  done  purposely  in  order  to  reduce  triple  transit),  (3) 
beam  steering  and  diffraction,  and  (4)  propagation  losses.  These  loss  mechanisms 
have  been  dealt  with  elsewhere,  and  a general  treatment  will  not  be  given  here.  The 
principal  concern  with  long-delay  devices  are  the  propagation,  beam  steering,  and 
diffraction  losses.  An  additional  problem  with  acousto-electric  devices  is  the  loss 
arising  from  the  interactions  of  the  acoustically  generated  electric  field  with  the 
semiconductor.  Reflection  problems  which  might  arise  from  the  coupling  strips  were 
discussed  in  the  previous  section.  Other  causes  of  loss  are  discussed  below. 

2.4.2  Propagation  Loss  in  Air  and  Vacuum 

Acoustic  waves  propagating  down  a crystal  substrate  will  be  damped  by  any 
material  in  contact  with  the  surface.  Thus,  for  all  devices  exposed  to  the  air,  some 
propagation  loss  will  arise  from  the  effect  of  air  molecules  impinging  on  the  crystal. 
Air  loading  can  be  eliminated  by  placing  the  device  in  an  evacuated  package,  but 
there  will  still  be  propagation  loss  because  of  the  wave  energy  dissipated  in  the 
lattice  of  the  substrate.  It  has  been  found  experimentally  that  the  air  loading  attenua- 
tion is  a linear  function  of  the  frequency,  F,  while  the  propagation  loss  in  a vacuum 
is  a quadratic  function  of  frequency.  For  BGO,  an  empirical  formula  which  includes 
attenuation  in  both  air  and  vacuum  is 

L - 1. 12  x 10-3  F + 8.  6 x 10-6  F2  (38) 

where  L is  the  loss  in  dB/cm.  For  our  device,  F (center  frequency)  is  100  MHz; 
hence,  a loss  of  0.  198  dB/cm  is  to  be  expected.  For  a long  interaction  time  of,  for 
example,  lOOpsec,  this  gives  a total  loss  of  3.  3 dB.  Approximately  one-half  of  this 
loss  could  be  eliminated  by  vacuum  sealing. 

2.4.3  Diffraction  and  Beam-Steering 

Diffraction  arises  because  the  acoustic  transducer,  in  analogy  with  the  optical 
slot,  has  a finite  aperture,  and,  thus,  the  wavefront  propagating  down  the  crystal 
will  not  be  a plane  wave  at  points  near  the  origin,  but  will  have  a more  complicated 
pattern.  At  points  far  from  the  origin,  the  energy  will  spread  into  an  even  broader 
beam.  Accordingly,  an  output  transducer  having  an  aperture  equal  to  that  of  the  input, 
will  miss  "seeing"  all  of  the  energy.  This  diffraction  loss  can  be  calculated  as  a 
function  of  X/A,  the  ratio  of  the  distance  along  the  propagation  path  to  the  transducer 
aperture.  Assuming  a parabolic  velocity  surface,  the  point  at  which  the  diffraction 
loss  becomes  equal  to  1. 5 dB,  is  given  by 
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x/a  = i + y » 1 


where  y is  the  anisotropy  parameter.  Thus,  the  diffraction  loss  can  be  made  very 
small  by  proper  choice  of  transducer  aperture.  For  X l(i.  81  cm  (-100  psec  on  BGO), 
A =*83.  In  other  words,  if  the  total  transducer  aperture  is  83X,  the  total  loss  due  to 
diffraction  at  X 16.81,  will  be  - 1 . 5 dl). 

Beam  steering  is  a problem  which  can,  in  principle,  be  eliminated  entirely.  It 
arises  from  the  fact  that  the  acoustic  beam  will  propagate  in  a direction  perpendicular 
to  the  acoustic  transducer  only  if  the  axis  of  propagation  is  at  a certain  angle,  0,  with 
respect  to  the  crystallographic  C axis.  If  the  propagation  path  is  at  any  other  angle 
with  respect  to  the  crystallographic  C axis,  the  beam  will  veer  off  at  an  angle,  0, 
which  itself  changes  as  the  orientation  as  90/90.  In  practice,  there  is  always  some 
beam  steering,  but  it  can  be  controlled  so  that  the  losses  from  this  source  will  be 
much  less  than  1 dB. 

2.4.4  Loss  Due  to  Semiconductor 

The  presence  of  a semiconductor  will  increase  the  device  losses  because  of  the 
acoustoelectric  interaction  with  the  charge  carriers  and  the  consequent  dissipation  of 
energy  by  the  effective  semiconductor  resistance  Rs.  An  expression  for  the  acoustic 
attenuation  constant  has  been  derived  by  Aoki  et  al3.  Using  the  parametric  circuit 
approach,  the  equivalent  circuit  of  the  nth  strip  is  viewed  as  a voltage  source  Vn 
(produced  by  the  propagating  surface  wave),  in  series  with  a constant  reactive  imped- 
ance (due  to  the  strip  on  the  piezoelectric  surface)  and  an  impedance  consisting  of  a 
variable  capacitance  and  a resistance  (arising  from  the  presence  of  the  strips  at  the 
semiconductor).  The  attenuation  constant  is  given  by 
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where  Hand  Jtj  are  as  defined  in  Section  1 and 
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For  completeness,  the  expression  for  M given  in  Eqs  (20)  and  (22a)  must  be 
multiplied  by  exp  (-No),  where  N is  the  total  number  of  strips.  For  gold  strips  on 
BGO  having  resistances  on  the  order  of  80S2 , a is  on  the  order  of  10-5.  Thus,  for 
30,000  strips,  the  attenuation  could  be  increased  by  -10  dB.  However,  if  the  total 
delay  path  were  split  into  a number  of  channels,  this  attenuation  would  be  greatly 
reduced;  as  an  example,  for  4,000  strips  such  attenuation  would  be  only  -1.3  dB. 


2.4.5  Dispersion 


Because  it  must  travel  through  a large  number  of  metal  strips,  the  velocity  of 
the  surface  wave  will  not  be  constant.  Further,  the  precise  change  in  the  velocity 
will  depend  on  the  metal  thickness/wavelength  ratio.  Accordingly,  for  a given  film 
thickness,  different  acoustic  frequencies  will  have  different  propagation  velocities. 
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This  dispersion  will  give  rise  to  attenuation  of  the  wave,  and  this  increases  with  the 
amount  of  metal  in  the  propagation  path.  Inasmuch  as  a 2000:1  - 5000:1  TB  strip- 
coupled  convolver  may  ultimately  require  a total  of  some  20,000  metallic  strips,  it 
is  most  important  to  set  limits  on  this  dispersion  loss  in  order  to  determine  the 
maximum  number  of  strips  which  can  be  tolerated.  This  loss  was  determined  experi- 
mentally, although  it  can  be  readily  calculated  from  known  finger  resistance.  For  the 
metallization  represented  by  4,530  strips  (the  number  used  in  the  SCC  design),  the 
loss  was  found  to  be  about  4 dB.  For  30,000  strips,  the  total  loss  would  be  20  dB. 

Contributions  of  the  various  loss  mechanisms  can  now  be  summarized.  Exclud- 
ing the  input  transducers,  the  main  source  of  attenuation  for  the  large  time-bandwidth 
SCC  will  be  the  metallic  strips  on  the  surface  of  the  piezoelectric  substrate.  Propaga- 
tion loss  (air  loading)  with  100-psec  delays  will  account  for  no  more  than  3 dB; 
diffraction  will  contribute  no  more  than -2  dB,  provided  the  IDT  apertures  are  suffic- 
iently broad;  and  beam  steering  can  be  eliminated  by  careful  design.  The  attenuation 
due  to  metallization,  on  the  other  hand,  could  be  nearly  30  dB,  if  the  number  of 
fingers  required  for  a 100-psec  delay  were  deposited  in  one  acoustic  path  between 
the  two  transducers.  This  problem  is  greatly  reduced  by  utilizing  the  multichannel 
approach  described  in  the  following  section. 

2.5  MULTICHANNEL  STRIP-COUPLED  CONVOLVER 

In  Section  2.  3.  1 it  was  shown  that,  in  principle  at  least,  the  SCC  can  have  a 
higher  bilinear  conversion  efficiency  than  the  AGC,  but  that  a serious  limitation 
arises  when  it  is  desired  to  achieved  long  interaction  times  (and,  hence,  large  time- 
bandwidth  products)  using  this  approach.  The  basic  problem  is  that  the  amount  of 
metallization  required  for  the  coupling  strips  rapidly  becomes  large  enough  that  the 
increase  in  internal  efficiency  effected  by  the  impedance  is  offset  by  an  increase  in 
attenuation  in  the  propagating  |jath.  Also,  the  dispersive  characteristics  of  the 
metallized  surface  may  seriously  degrade  the  phase  coherence  of  the  signal  over  a 
sufficiently  long  path.  Still  another  aspect  of  the  problem  is  that  even  if  the  signal 
were  not  impaired  in  any  way,  fabrication  of  a structure  consisting  of  tens  of  thous- 
ands of  metallic  strips,  each  typically  2 pm  less  in  width,  would  not  be  possible 
utilizing  conventional  photolithographic  techniques.  This  fabrication  problem  is  a 
serious  drawback,  since  one  of  the  supposed  virtues  of  the  strip-coupled  convolver 
is  its  ease  of  fabrication. 

2.  5. 1 The  Solution 

All  of  these  problems  can  be  significantly  reduced  by  going  to  the  multichannel 
approach  shown  schematically  in  Figure  8.  Here,  each  of  the  input  signals  to  be 
processed  is  divided  into  N parts,  and  each  segment  is  fed  into  the  appropriate  IDT 
of  one  of  N convolver  channels.  (In  the  schematic,  each  channel  is  a separate  device, 
but  it  would  be  possible  to  combine  several  channels  on  a single  substrate).  Each  SCC 
channel  has  the  same  number  of  strips  covering  l/N  of  the  delay  between  the  input 
transducers.  The  number  of  strips  employed  will  depend  on  the  ease  of  fabrication 
and  lack  of  deleterious  effects  on  the  signals.  The  channels  are  identical,  except 
that  each  set  of  strips  is  located  at  a different  point  on  the  delay  path.  Collectively, 
the  strips  cover  the  entire  distance  between  input  IDT's.  Thus,  when  the  convolution/ 
correlation  outputs  of  the  N channels  are  summed  the  result  is  identical  to  one  chan- 
nel with  a prohibitively  large  number  of  coupling  strips. 
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MULTI  STRIP 


The  essence  of  the  operation  of  the  multichannel  device  is  illustrated  in 
Figure  9.  Three  channels  are  shown  in  the  diagram  with  transducer  separation 
corresponding  to  90  psec.  If  rectangular  pulses  are  inserted  into  these  channels 
i.hey  must  be  90  psec  wide  in  order  to  completely  fill  the  interaction  region.  How- 
ever, each  set  of  strips  on  the  individual  substrates  covers  only  30  psec  of  the  delay. 
Consider  two  90-psec  wide  rectangular  pulses  fed  into  opposite  ends  of  the  central 
channel  in  Figure  9.  Designating  the  time  when  the  two  signals  begin  interacting  as 
t o,  the  central  array  of  strips  will  be  completely  filled  after  15  psec.  If  the  pulses 
were  each  30  psec  wide,  this  would  produce  the  familiar  diamond-shaped  correlation 
peal,  one-half  of  which  is  seen  in  the  top-right  graph  of  Figure  9.  However,  the 
pulses  continue  to  interact  until  the  total  delay  between  inputs  is  filled.  Thus,  the 
convolution  output  for  two  90-psec  rectangular  pulses  in  the  central  channel  (Channel 
2)  flattens  out  and  will  be  elongated  as  identified  in  the  central  graph  of  Figure  9. 


Now  consider  the  other  two  channels  (Channels  1 and  3).  The  interaction 
between  the  two  pulses  begins  in  these  channels  at  t 15  psec  and  continues  until 
t 45  sec.  Note  that  whereas  the  pulses  began  interaction  in  the  center  of  the  strips 
for  Channel  No.  2,  and  thus  the  convolution  output  reached  a peak  in  15  psec,  for 
Channels  1 and  3 the  interaction  begins  at  the  edge  of  the  strips  and  30  psec  are 
required  to  fully  fill  the  coupling  region.  Therefore,  the  slope  of  the  correlation 
l»eak  for  the  outputs  of  Channels  I and  3 (see  center  and  bottom  graph  of  Figure  9) 
will  be  different  from  the  output  of  Channel  2.  The  outputs  from  all  three  channels 
are  combined  as  shown  in  the  bottom  graph  of  Figure  9 and  in  greater  detail  in 
Figure  10  to  give  the  complete  convolution  function  of  the  two  90-psec  rectangular 
pulses.  Note  that,  when  only  two  channels  are  operative,  the  sum  output  is  non- 
linear. Mathematically,  the  process  just  described  is  the, equivalent  of  integrating 
Kq  (5)  by  parts: 
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The  efficiency  of  the  multichannel  device  will  be  less  than  the  efficiency  of  any 
channel  taken  separately.  This  is  evident  when  one  considers  the  internal  efficiency 
Flp  defined  for  each  individual  convolver  as 

F°  = Pg/Pj  P°  (43) 

where  P?,  P§,  and  P§  are  the  two  input  powers  and  output  power,  respectively. 

Now  let  P^  and  P%  be  divided  into  N parts: 

p°  = E p°/N;  p2  = £ P2/N  ' (44) 
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COUPLING  STRIPS 


Figure  <*.  Interaction  Mechanism  for  Three  Channels 
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Figure  10.  Convolver  Output  From  Three  Channels 
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But  the  internal  efficiency  of  each  channel  remains  the  same  regardless  of  the  input 
power  so  F^.^  = F^°  and 

N2  P3N  = P°  P3N  = P°/N2  (46 

Therefore,  the  total  multichannel  device  efficiency  is  given  by 
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In  decibel  notation 


FT?tot)  ' FT°  - 10  '**  N dBm  <4“’ 

Thus,  for  a two  -channel  convolver,  the  bilinear  conversion  efficiency  is  3 dB  less  than 
for  the  single-channel  device  while  for  a three-channel  device  4.  8 dB  are  lost.  How- 
ever, the  point  to  remember  is  that  the  efficiency  of  the  SCC  is  some  20  dB  better 
than  for  an  equivalent  AGC,  Accordingly,  with  a three-channel  device  an  improvement 
greater  than  15  dB  is  obtainable  and  even  with  a five-channel  model  a 13-dB  increase 
in  efficiency  is  possible,  in  principle.  This  increase  in  Ft  is  in  addition  to  a reduc- 
tion in  fabrication  effort.  There  will  clearly  come  a point  where  the  fabrication  of  an 
increasing  number  of  channels  vs  the  drop  in  efficiency  will  render  this  approach 
counter-productive.  At  present,  it  would  seem  that  five  channels  is  the  upper  limit. 
How  long  an  interaction  region  is  achievable  with  a five-channel  system  depends  on 
how  many  coupling  strips  can  be  handled  by  currently  available  fabrication  techniques 
and/or  the  maximum  number  of  strips  tolerable  when  insertion  loss/dispersion 
characteristics  are  considered. 
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SECTION  III 
DEVICE  EVALUATION 


The  goal  of  this  program  was  to  develop  a high-efficiency  SCC  with  maximum 
interaction  time,  bandwidth,  and  time-bandwidth  (TB)  product.  Toward  this  end,  an 
SCC  pattern  was  designed  so  that,  when  used  in  the  multichannel  system  described  in 
Section  II,  devices  with  a number  of  different  delay  times/bandwidth/TB  products 
could  be  investigated.  Devices  representing  five  separate  TB  products  ranging  from 
83  to  1039  were  ex()erimcntally  evaluated.  In  this  section,  the  results  of  these  exper- 
iments will  be  described.  Section  3.1  presents  the  design  approach.  The  materials 
selected  for  the  devices  and  the  coupling  strip  structure  IDT  patterns  designed  and 
employed  are  discussed  in  Sections  3. 1 and  3.2,  respectively,  while  the  packaging 
for  the  three-channel  device  is  described  in  Section  3.3.  The  experimental  techniques 
and  data  obtained  are  described  and  discussed  in  Section  3.  2. 
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3.1  DESIGN  APPROACH 

3. 1. 1 Materials 


In  order  to  obtain  maximum  interaction  time  with  a piezoelectric  substrate  of 
minimum  physical  dimensions,  bismuth  germanium  oxide  (BGO)  with  a delay  of 
5.9  psec/cm  (001  cut,  110  propagating)  was  selected.  In  addition  to  having  a large 
delay  per  unit  length,  BGO  also  has  a relatively  high  piezoelectric  coupling  coefficient 
(about  one-third  that  of  LiNb03)  and,  hence,  displays  a high  nonlinear  figure  of  merit 
M as  defined  in  Eq  (22).  However  there  are  two  difficulties  in  using  this  material: 

(1)  Because  of  the  lower  acoustic  velocity  the  SAW  wavelength  at  a given  frequency  is 
approximately  one-half  that  on  LiNbOg.  Therefore,  photolithographic  limitations  on 
the  minimum  linewidth  definable  will  dictate  a lower  center  frequency  for  BGO  devices 
as  compared  to  corresponding  LiNb(>3  structures;  (2)  since  the  optimum  fractional 
bandwidth  (i.e.  , maximum  bandwidth  with  minimum  insertion  loss  across  the  band) 
increases  with  the  piezoelectric  coupling  coefficient,  che  optimum  fractional  band- 
width for  BGO  devices  will  be  less  than  that  obtainable  with  LiNbl^. 

As  the  main  purpose  of  this  program  was  to  determine  the  feasibility  of  using 
the  multichannel  SCC  approach  to  obtain  long  interaction  times,  it  was  decided  that 
the  large  delay  per  unit  length  of  BGO  was  more  important  than  the  associated  draw- 
backs. Accordingly,  an  11 -in. -long,  1 -in. -diameter  boule  of  BGO  grown  at 
Rockwell's  Electronics  Research  Center  (ERC)  (similar  to  that  shown  in  Figure  11) 
was  obtained.  After  cutting  and  polishing,  this  yielded  a large  number  of  crystalline 
substrates  up  to  eight  inches  long.  On  these  substrates,  delays  as  high  as  100  sec 
could  be  obtained.  It  is  possible  to  achieve  TB  products  of  up  to  5000  on  such  sub- 
strates. As  discussed  in  Section  3.2,  an  easily  fabricated  SCC  has  a center  frequency 
of  about  100  MHz.  A 50%  bandwidth  IDT  at  this  frequency  would,  therefore,  give  a 
TB  of  5000.  However,  whether  this  is  practical  depends  on  whether  the  increased 
efficiency  of  the  SCC  can  offset  the  loss  required  to  achieve  such  a large  bandwidth 
on  BGO;  this  point  will  be  discussed  in  the  following  sections.  For  most  of  the  experi- 
ments reported  here,  BGO  bars  3.35  in.  long  and  0.25  in.  wide  were  employed. 
Utilizing  the  SCC  structure  described  in  Section  3.  2,  delays  of  up  to  33  psec  were 
obtainable,  and  devices  having  TB  products  of  up  to  1650:1  could  be  achieved.  These 
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bars  were  oriented  with  X-ray  Laue  patterns  so  that  the  001  axis  was  perpendicular 
to  the  surface  and  the  direction  of  wave  propagation  was  the  110  axis. 

The  second  material  which  must  be  considered  for  the  SCC  device  is  the 
semiconductor.  For  these  experiments  the  semiconductor  structure  was  fabricated 
from  an  epitaxially  grown  n layer  on  n+  silicon  wafer  with  an  impurity  doping  sufficient 
to  bring  the  Si  resistivity  to  about  8-10  ohm-cm.  This  value  of  resistivity,  combined 
with  a mobility  of  2000,  gives  a carrier  concentration  of  -3  x lO1^.  From  Eq  (22)  it 
will  be  seen  that  the  smaller  the  value  of  qN<j,  the  larger  the  value  of  M.  On  the  other 
hand  Eq  (40)  indicates  that  a large  Rs  (implying  small  Nd)  increases  the  attenuation 
constant.  Previous  work  at  this  laboratory  and  elsewhere  has  shown  that  10  !l-cm 
is  a good  compromise  value  for  structures  of  this  type.  However,  there  is  a possibil- 
ity that  semiconductors  with  large  mobilities,  such  as  gallium  arsenide  (GaAs),  might 
hold  some  promise  for  increased  nonlinear  interaction  without  an  increase  in 
attenuation. 

A final  item  to  consider  with  respect  to  the  silicon  is  the  thickness  of  the  oxide 
layer,  N.  Because,  in  some  modes  of  operation  [see  Eq  (16)]  the  signal  can  be  maxi- 
mized by  a specific  oxide  layer,  experiments  were  performed  to  determine  optimum 
h.  Initially,  the  surface  of  the  Si  wafers  used  in  these  experiments  was  coated  with  a 
thermally  grown  oxide,  1000  A thick.  This  oxide  could  be  removed  in  a systematic 
way  by  etching  the  wafer  in  buffered  hydrofluoric  acid  (HF)  for  a specified  time 
period.  The  solution  employed  removed  approximately'1000  A of  SiC>2  per  minute; 
thus,  a controlled  amount  could  be  removed  by  carefully  calibrating  the  time  of 
immersion.  The  convolution  efficiency  of  silicon  chip  with  oxide  layers  ranging  from 
1000  A to  zero  A were  evaluated.  However,  the  best  were  obtained  with  bare  silicon 
(i.  e. , only  air-grown  oxide  present). 

3.1.2  SCC  Pattern 


For  these  investigations,  it  was  decided  to  design  the  SCC  pattern  in  such  a way 
that  a number  of  bandwidths/delay  times  could  be  evaluated.  A schematic  of  the 
basic  design  is  shown  in  Figure  12.  As  indicated  in  the  figure,  the  final  convolver 
system  has  three  channels;  with  each  of  these  channels  provided  with  an  identical 
coupling  strip  structure  at  the  appropriate  location  along  the  delay  path.  Also,  each 
of  the  channels  is  provided  with  three  different  transducers  for  use  as  inputs.  The 
IDTs  were  designed  to  have  fractional  bandwidths  of  approximately  7%,  37%,  and  50% 
and,  thus,  depending  on  the  particular  combination  of  IDT  and  delay  lines  utilized, 
the  device  could  be  operated  with  nine  different  time-bandwidth  products  (see  Table  1). 

The  dimensions  of  the  initial  design  were  dictated  by  both  the  minimum  line- 
widths  which  could  be  defined  photolithographically  and  by  the  maximum  dimensions 
of  the  mask  which  could  be  conveniently  fabricated.  To  consider  the  first  point,  it 
was  shown  in  Section  II  that  at  least  three  strips  per  wavelength  (and  more  if  possible) 
are  required  in  the  coupling  structure  in  order  to  avoid  stop  bands  in  the  frequency 
region  of  interest  for  wideband  IDT's.  At  100-MHz  center  frequency  on  BGO  this 
means  that  each  strip  would  have  to  be  no  wider  than  2.  8 pm.  For  four  strips  per 
wavelength,  this  strip  width  is  reduced  to  2. 1 pm.  This  is  close  to  the  limit  of  what 
can  be  easily  fabricated  photolithographically,  especially  over  the  extended  areas 
discussed  here.  For  this  reason,  the  strip  width  was  fixed  at  2. 1 pm,  corresponding 
to  four  strips  per  wavelength.  (Note  that  this  can  be  looked  at  in  another  way,  namely, 
that  fixing  the  coupling  strip  width  effectively  fixes  the  value  of  the  center  frequency. ) 
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TIME  BANDWIDTH  PRODUCTS  OBTAINABLE  WITH  THREE  CHANNEL  CONVOLVER: 


The  second  point  to  be  considered  is  that  the  maximum  dimension  of  the  mask 
which  can  be  fabricated  has  a bearing  on  the  maximum  interaction  time  obtainable. 
Although  it  is  possible  to  locate  individual  IDT's  and  coupling  strips  at  specified 
intervals  on  a substrate  with  an  alignment  machine  as  part  of  the  process  of  defining 
the  metal  pattern  on  the  piezoelectric  surface,  it  is  much  more  convenient  and  accur- 
ate to  have  the  complete  IDT  coupling-strip  structure  on  the  same  mask.  During  the 
course  of  Lhis  program,  the  maximum  dimension  of  masks  available  from  Trans 
Mask  Corporation,  from  Rockwell's  Optomask  facility,  and  from  other  major  suppliers 
was  4 in.  by  4 in.  It  was  decided,  therefore,  to  design  the  initial  convolver  pattern 
to  have  a maximum  input  IDT  separation  of  6.  6(>  cm;  on  BGO,  this  corresponds  to  a 
total  delay  of  abour  40  psec.  With  a mask  of  this  dimension,  a time-bandwidth  product 
of  as  high  as  2000:1  is,  in  principle,  possible,  and  the  obtainable  characteristics  are 
sufficient  to  demonstrate  the  multichannel  concept.  In  addition,  the  same  mask  can 
be  employed  to  make  delay  lines  and  much  larger  substrates,  if  each  IDT  and  the 
coupling  strip  are  fabricated  individually.  The  three  sets  of  strips  collectively  cover 
a delay  path  of  5.  715  cm,  corresponding  to  a delay  of  ~34  psec.  Thus,  each  set  of 
strips  covers  1.905  cm  of  the  delay  path,  and,  since  the  strips  are  each  2. 1 pm  wide 
and  the  spacing  is  equal,  the  width  of  the  metal  requires  4,536  strips  for  each 
channel. 

The  three  IDT  designs  can  be  described  briefly.  The  widest-band  IDT  is  a FM 
dispersive  transducer  and  was  designed  to  give  a full  50%  bandwidth  at  100  MHz 
center  frequency.  Experimental  results  from  previous  filter  work  has  shown 
passbands  very  close  to  this  theoretical  prediction.  The  major  drawback  to  the  dis- 
persive IDT  is  that  the  loss  is  high  (estimated  to  be~35  dB  on  BGO).  From  theoreti- 
cal considerations,  this  would  not  be  expected  to  pose  an  insurmountable  problem  for 
the  MSC  convolver,  since  nonlinear  coupling  efficiencies  are  high.  However,  it  was 
expected  that  optimum  efficiency  could  be  obtained  with  two  other  IDT  designs,  and 
these  were  also  available.  The  narrowband  IDT  (labeled  "2"  and  "5"  in  Figure  12) 
was  designed  to  have  a 7 % bandwidth  and  a theoretical  insertion  loss  of  6 dB.  Although 
in  practice  the  insertion  loss  is  about  10  dB,  this  design  represents  the  maximum 
energy  input  into  the  SAW  system.  Finally,  the  phase-reversed  (PRT)  IDT  (labeled 
"3"  and  "4"  in  Figure  12)  has  approximately  37%  bandwidth  and  a theoretical  insertion 
loss  of  25  dB.  The  PRT  is  a nondispersive  IDT  which  has  a total  of  eight  fingers, 
with  the  last  pair  phase-reversed  with  respect  to  the  other  three.  This  phase 
reversal  "bucks  out"  one  of  the  remaining  pair,  and  the  resulting  passband  is  effec- 
tively that  of  a two-finger-pair  IDT.  The  advantage  of  this  design  is  that,  when  the 
IDT  is  tuned,  a flat  passband  over  about  37%  fractional  bandwidth  can  be  obtained.  A 
computer  simulation  of  this  transducer  is  shown  both  untuned  and  tuned  in  Figures 
13(a)  and  13(b),  respectively. 

3.1.3  Packaging 

The  package  holding  the  three  substrates  was  fabricated  from  a solid  aluminum 
plate,  measuring  3 in.  by  4 in.  in  area  and  0.8  in.  in  thickness.  Three  channels  were 
milled  in  this  material,  to  hold  three  BGO  bars,  each  measuring  3-1/2  in.  by  0. 195  in. 
by  0.225  in.  in  size.  A top  view  of  this  package  is  shown  schematically  in  Figure  14. 
Note  that  for  each  channel  sufficient  connectors  are  provided  so  that  any  of  the  input 
transducers  may  be  conveniently  utilized.  The  outlets  to  the  side  of  the  box  present 
no  problem  in  this  regard,  since  the  channels  are  positioned  conveniently  near  con- 
nector locations.  However,  for  the  channel  in  the  center  of  the  package  additional 
channeling  is  required  to  connect  the  IDT's  with  the  output  terminals.  To  reduce 
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crosstalk  which  might  arise  from  having  such  relatively  lengthy  connectors  in  the 
package,  the  connections  from  the  terminals  to  the  IDT  are  made  with  microstrip. 
Since  the  channels  are  buried  considerably  below  the  surface  of  the  package,  the 
microstrip  effectively  isolates  competing  input  transducers.  Note  also  from  the 
diagram  Lhat  enclaves  adjacent  to  channels  have  Ixen  provided,  so  that  inductors  can 
be  conveniently  attached  to  the  IDTs  for  tuning  purposes. 

In  addition  to  the  base  structure  shown  in  Figure  14,  the  complete  package 
includes  one  additional  section.  The  design  required  here  is  considerably  more 
critical  than  for  the  base,  since  the  second  layer  of  the  package  is  actively  involved 
in  holding  the  silicon  chip  to  the  surface  of  the  coupling  strips,  as  well  as  in  holding 
partitions  which  provide  electromagnetic  isolation  for  the  transducers.  Accordingly, 
this  second  section  will  lx*  discussed  in  some  detail. 

For  a strip-coupled  acoustoelectric  device  it  is  of  utmost  importance  that 
uniform  contact  be  maintained  between  the  coupling  strips  and  the  semiconductor. 

An  example  of  nonuniform  contact  is  shown  in  Figure  38  in  Section  3.  In  Figure  38, 
it  can  lx  seen  that  Lhe  total  area  of  interaction  is  not  utilized,  and  a signal  with 
deduced  time-bandwidth  product  results.  The  problem  becomes  more  severe  with 
an  increasing  number  of  strips;  the  1.9-cm  area  covered  by  the  strip  design  described 
in  Section  3.2  is  lengthy  for  devices  of  this  type.  The  main  problem  here,  therefore, 
was  to  devise  a method  for  holding  the  silicon  firmly  to  the  coupling  strips,  which 
could  also  be  an  integral  part  of  the  package.  The  technique  developed  during  this 
program  is  illustrated  in  Figures  15  through  17. 

The  first  step  in  implementing  the  approach  is  to  prepare  the  silicon  chip. 

First,  two  ridges  are  etehed  in  a rectangular  silicon  chip,  with  two  ridges  arranged 
on  the  surface  in  such  a way  that  when  the  chip  is  placed  over  the  coupling  strips, 
one  of  the  ridges  will  rest  on  the  end  of  the  strip  which  lie  outside  the  propagation 
path,  while  the  other  ridge  rests  on  the  bare  substrate  (see  Figure  3-16).  The  top 
of  each  ridge  was  designed  to  be  from  3.5  pm  to  5 pm  above  the  BGO  surface.  One 
obvious  problem  in  applying  this  technique  is  that  coupling  Ixtween  the  piezoelectric- 
ally  generated  electric  field  and  the  Si  charge  carriers  might  possibly  take  place 
directly  across  the  space  between  the  surfaces  of  the  piezoelectric  and  semiconductor; 
indeed,  this  is  just  the  mechanism  for  the  air  gap  convolver.  Although  some  air  gap 
coupling  was  noted,  as  will  be  discussed  in  Section  3.  2,  the  resulting  signal  was  at 
most  more  than  two  orders  of  magnitude  below  the  strip-coupled  signal. 

The  method  used  to  ensure  uniform  contact  in  the  design  under  discussion  here 
is  shown  schematically  in  the  already  referenced  Figures  15  through  17,  which  are 
end,  top  and  side  views,  respectively,  of  the  silicon-on  piezoelectric  structure. 
Basically,  this  structure  is  built  up  in  layers.  First,  the  BGO  substrate  is  placed 
into  the  milled  channels  at  the  base  of  the  package.  Next,  the  etched  silicon  chip  is 
positioned  on  the  strips,  as  discussed  above.  On  top  of  the  chip  is  placed  a rectangle 
of  deformable  plastic  having  an  area  equal  to  that  of  the  chip  and  a thickness  of  about 
20  mils.  A metal  plate  of  similar  dimensions  is  then  placed  on  top  of  the  plastic. 

At  this  point,  the  second  section  of  the  aluminum  package  is  afixed  to  the  top  of  the 
base;  this  plate  is  shown  in  the  top  of  the  photograph  Figure  18.  The  three  openings 
milled  through  it  which  line  up  with  the  strip-coupled  structure  on  the  substrates; 
through  these  "windows"  an  aluminum  holder  containing  five  125-mil-diameter  ball 
bearings  is  set  on  the  metal  plate.  The  ball  bearings  are  pressed  firmly  against 
the  metal  plate  by  means  of  a rectangle  of  spring  steel,  which  is  attached  to  the 
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package  with  screws.  Note  that  ’’teeth"  have  been  cut  into  this  spring  steel  rectangle 
so  that  each  ball  bearing  is  covered  individually.  This  pressure,  in  turn,  presses 
the  silicon  ridge  firmly  down  on  the  coupling  strips.  The  deformable  plastic  ensures 
that  the  pressure  is  uniform  and  that  the  pressure  can  be  adjusted  by  alternately 
loosening  and  tightening  the  screws. 

The  photograph  in  Figure  18  shows  both  parts  of  the  package.  The  slots  that 
can  be  seen  in  the  top  plate  are  for  small  metal  partitions  which  help  to  reduce  the 
electromagnetic  feedthrough.  It  should  be  emphasized  that  this  is  basically  a bread- 
board device,  since  all  of  the  amplifiers,  filters,  phase  adjusters  and  attending  cir- 
cuitry necessary  for  convolver  operation  must  be  supplied  externally. 

3.2  EXPERIMENTAL  RESULTS 

3.2.1  Fabrication 


The  metallization  employed  was  gold  with  a chrome  flash  underlay.  This 
combination  has  been  found  to  have  optimum  adhesion  to  the  surface  of  BGO,  and  the 
patterns  defined  in  this  material  are  normally  sufficiently  thin  that  the  increased  mass 
(as  opposed  to  aluminum,  for  example)  does  not  have  a deleterious  effect  on  acoustic 
signals.  There  were,  however,  a number  of  problems  associated  with  fabrication, 
all  of  which  hamper  progress  when  only  a small  number  of  individual  devices  are 
fabricated,  but  could  be  resolved  by  processing  a large  number  of  identical  items. 

The  main  problem  involved  the  simultaneous  fabrication  of  a large  number  of 
coupling  strips  (4536)  having  nominal  widths  of  2. 1 pm  and  a number  of  IDT’s  having 
linewidths  ranging  from  3 pm  to  5.  6 pm.  Since  the  IDT's  were  widely  separated 
from  the  coupling  strips  (in  some  cases  by  as  much  as  4.  5 cm)  this  differential  in 
linewidth  made  it  very  important  that  illumination  during  exposure  be  uniform.  How- 
ever, a beam  collimator  illuminator  was  available  which  had  the  capability  of  uni- 
formly covering  up  to  21  sq  in.  of  area,  and  the  patterns  were  defined  on  the  metal 
without  difficulty.  Most  of  the  problems  occurred  during  the  etching  phase  of  the 
fabrication.  The  etching  time  required  to  adequately  define  the  IDT's  at  opposite 
ends  of  the  substrates  was  often  found  to  be  too  long  for  the  narrow  center  strips, 
thus  removing  a substantial  portion  of  them.  After  a number  of  iterations,  however, 
the  balance  between  exposure  time,  development  time,  and  etch  time  was  determined 
and  satisfactory  patterns  were  obtained. 

Since  the  IDT  patterns  were  more  critical  than  the  coupling  strip  (i.  e.  , the 
strips  can  tolerate  a certain  number  of  shorts,  while  none  are  allowed  in  the  IDT's), 
the  processing  was  aimed  toward  achieving  the  optimum  IDT,  compatible  with 
reasonable  strip  definition.  In  most  cases,  this  resulted  in  reduced  strip  widths. 

Also,  in  most  cases,  however,  this  presents  no  major  problem,  since  the  periodicity 
remains  constant. 

Another  consequence  of  having  to  define  a large  variety  of  linewidths  over  large 
distances  was  that  the  final  layer  of  metallization  on  the  substrate  tended  to  be  quite 
thin,  around  800  A in  most  cases;  this  introduced  considerable  unwanted  finger 
resistance  and,  consequently,  reduced  the  efficiency  of  the  devices  evaluated.  In 
addition,  the  adherence  of  the  metal  to  the  substrate  was  not  as  good  as  is  usually  the 
case  with  aluminum  on  LiNbO.3  or  quartz,  and  problems  were  experienced  with  obtain- 
ing a good  thermal  compression  bond  at  the  IDT  pads.  In  most  cases,  however,  lead 
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wires  could  be  easily  secured  with  silver  epoxy,  and  no  o|>erational  problems  were 
identified  with  any  metal  adhesion  problems. 

After  a number  of  trial  runs  most  of  the  fabrication  problems  were  solved,  and 
those  that  remained  were  more  a function  of  the  material  itself,  than  of  any  particular 
processing  procedure.  Given  a large  number  of  samples  and  a standardized  format, 
these  devices  could  be  processed  with  high-percentage  yields.  For  example,  since 
exposure  etch  tradeoffs  have  now  been  established  for  devices  of  this  type,  the  masks 
can  be  designed  with  strip  widths  sufficiently  wider  than  desired,  to  allow  for  a known 
amount  of  over-etching.  The  ease  of  fabrication  would  be  facilitated,  however,  if 
aluminum  on  I.iNb03  was  the  working  combination  of  materials. 

3.2.2  Delay  Line  Evaluation  of  the  Transducers 


All  of  the  transducers  designed  for  the  SCC  were  evaluated  for  passband  shape, 
insertion  loss,  and  ripple,  by  operating  the  devices  in  the  delay  line  mode.  In  gen- 
eral, the  experimental  results  agreed  with  predictions,  although  the  losses 
encountered  were  greater  than  expected. 

The  problem  common  to  both  the  narrowband  and  PRT  transducers  was  a large 
resistive  impedance  component.  Figure  19  is  an  impedance  plot  for  a tuned  10-finger- 
pair  IDT.  In  this  case,  the  finger  resistance  is  not  severe,  and  the  total  resistive 
component  at  center  frequency  is  75  S2 ; the  Ra  (radiation  resistance)  is  35  . More 

typical  of  these  transducers,  however,  is  the  plot  presented  in  Figure  20,  where  the 
total  resistive  componed  is  shown  to  be  120S2 . A number  of  the  1 0-finger-pair 
IDT's  were  measured  as  having  even  higher  resistance  values  — some  being  as  high 
as  250  S2.  An  even  more  severe  case  was  that  of  the  phase -reversed  IDT's;  from  the 
impedance  plot  drawn  in  Figure  21,  it  can  be  seen  that  the  tuned  impedance  of  these 
IDT's  was  on  the  order  of  1000K. 

Much  of  this  increase  in  resistance  is  due  to  the  thinness  of  the  metallization, 
the  measured  resistivity  of  which  was  1.  03f2/a.  For  the  10-finger-pair  IDT  having 
fingers  A/4  wide  and  ISOfilong,  this  value  of  resistivity  would  give  a total  resistance 
per  finger  of  about  800S2.  Thus,  for  10  fingers  in  parallel,  a resistance  of  80fi  is 
to  be  expected.  The  phase-reversed  transducer,  on  the  other  hand,  has  effectively 
only  four  fingers  in  parallel,  implying  a total  resistance  of  about  200 S2;  this  is  less 
than  the  resistance  determined  from  the  impedance  plots  of  the  tuned  IDT,  but  in 
this  case,  some  of  the  total  loss  is  due  to  the  ferrite  core  in  the  tuning  inductor. 
Overall,  the  increased  resistance  introduces  losses  into  the  system  of  up  to  30  dB. 

As  discussed  in  Section  3. 1,  the  thin  metallization  was  mainly  due  to  the 
necessity  of  achieving  good  definition  for  a large  number  of  coupling  strips  with 
widths  and  spacings  close  to  the  limits  of  photolithographic  technology,  while  at  the 
same  time  maintaining  equally  good  definition  of  standard  IDT  structures.  Since  only 
a few  bars  of  BGO  were  available,  a large  number  of  devices  could  not  be  processed 
simultaneously,  and  the  best  samples  were  selected  out  of  a relatively  small  number. 
Now  that  the  procedures  for  fabrication  have  been  established,  the  thin  metallization 
should  not  be  a significant  problem  for  future  devices. 

The  passbands  of  the  10-finger-pair  (tuned),  phase- reversed  (untuned),  and 
dispersive  (tuned)  transducers  are  depicted  in  Figures  22,  23,  and  24,  respectively. 

In  all  of  these  cases,  the  input  and  output  IDT's  are  on  opposite  sides  of  the  coupling 
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Figure  21.  Impedance  Plot  for  Phase-Reversed  IDT;  Center-Frequency 

Resistive  Component,  1000  Ohms 


strips;  however,  all  IDT's  except  those  being  evaluated  have  been  removed.  Although 
the  passband  shapes  are  close  to  expectations , the  losses  are  quite  high  for  all  cases, 
being  nearly  30  dB  for  the  narrowband  IDT  and  greater  than  50  dB  for  the  two  wide- 
band transducers.  This  contrasts  with  calculated  losses  of  10  dB  and  35  dB, 
respectively. 

Diffraction  and  beam  steering  contributed  2 dB  to  the  total  loss  figure.  This 
was  determined  by  measuring  the  passbands  when  the  IDT's  had  minimum  and  maxi- 
mum separation  (i.e.  , between  IDT  sets  A and  B and  between  sets  A and  D in  Figure 
12).  The  coupling  strips  themselves  added  ~4  dB.  Most  of  the  unexpected  loss  can 
be  explained  by  the  finger  resistance  discussed  above.  For  example,  the  spurious 
resistive  component  for  the  narrow  band  IDT's  whose  passband  is  shown  in  Figure  24 
was  found  to  be  15012.  With  an  R&  of  30  ft  this  implies  an  increased  loss  per  trans- 
ducer of  7 dB  or  14  dB  for  the  complete  delay  line.  This,  added  to  12  dB  plus  4 dB 
due  to  the  strips,  is  very  close  to  the  insertion  loss  implied  by  Figure  22.  The 
increased  delay  line  loss  reduced  the  convolver  efficiency  below  acceptable  levels, 
especially  for  the  wideband  IDT's.  However,  signals  were  still  sufficiently  strong 
to  demonstrate  the  operational  principals  of  the  device. 

Spurious  signals,  arising  principally  from  reflections  and  bulk  generations, 
were  also  investigated  with  the  device  in  the  delay  line  mode.  In  general,  all 
spurious  signals  arising  from  mechanical  reflection  were  at  least  35  dB  below  the 
main  signal.  However,  triple  transit  for  the  tuned  10-finger-pair  IDT  was  only  17  dB 
below  the  top  of  the  passband.  In  Figure  25,  delayed  pulses  are  shown  in  the  time 
domain.  Figure  25(a)  shows  the  triple  transit  spurious  with  the  tuned  10-finger-pair 
IDT,  while  Figure  25(b)  shows  the  reflections  due  to  the  coupling  strips.  Note  that 
in  both  photographs  additional  input-output  IDT's  are  present,  and  that  the  reflections 
arising  from  these  sources  are  also  shown. 

Bulk  generation  appeared  to  be  a problem  only  in  the  case  of  the  phase 
reversed  transducer.  The  passband  of  the  PRT  at  some  locations  showed  a notch 
at  the  high  end  of  the  band  which  could  be  identified  with  spurious  bulk  modes.  Bulk 
generation  is  not  surprising  in  an  under  fingered  IDT  such  as  this.  The  effects  of 
this  spurious  could  be  greatly  reduced  by  roughing  and/or  beveling  the  back  surface 
of  the  substrate. 

3.  2.  3 Convolver  Measurements 

The  experimental  setup  used  in  making  most  of  the  convolver  measurements  is 
shown  schematically  in  Figure  26.  Since  it  was  important  to  be  able  to  deliver  large 
amounts  of  power  (~20  dBm)  to  the  high-loss,  wideband  IDT's,  an  Arenburg  generator 
was  employed  as  the  primary  signal  source.  This  generator  is  capable  of  delivering 
5 watts  to  a 50  ft  load  and  was,  of  course,  heavily  padded  for  the  application  reported 
here;  however,  it  permitted  maximum  power  to  be  delivered  to  the  input  transducer 
in  an  easily  controlled  manner.  For  the  narrowband  IDT's,  a lower-power  HP608C 
signal  generator  was  employed,  in  conjunction  with  two  +28-dB-gain  Avantec 
amplifiers.  For  the  experimental  package,  the  shielding  in  most  cases  was  not 
sufficient  to  make  CW  measurements  of  the  convolution  characteristics;  therefore, 
pulse  techniques  were  employed.  With  the  Arenburg  generator,  pulses  from  lOpsec 
to  30  psec  in  width  could  be  obtained,  while  the  pulses  obtainable  with  the  HP608C 
were  up  to  lOOpsec  wide. 
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Measurements  were  made  with  strip-coupled  convolvers  consisting  of  one,  two 
and  three  channels.  The  bandwidths  of  these  devices  varied  from  7.4  MHz  to  46  MHz, 
while  the  interaction  lengths  were  from  ~11  psec  to~33  psec.  In  the  discussion  that 
follows,  the  designations  of  the  three  convolver  channels  will  be  taken  from  the 
diagram  shown  in  Figure  12;  i.e.  , the  channel  with  the  coupling  strips  centered 
between  the  two  input  IDT's  will  be  referred  to  as  Channel  2,  while  the  upper  and 
lower  channels  in  Figure  12  will  be  referred  to  as  Channels  1 and  3,  respectively. 

A typical  one-channel  convolver  output  is  shown  in  Figure  27.  Here,  the  two- 
input  IDT's  had  identical  7.4-MHz  bandwidth  and  the  interaction  region  covered 
113  sec;  therefore  the  time-bandwidth  product  of  this  device  is  83.  (i.  Data  for  this 
device  are  given  in  Figure  28,  where  electrical  output  power  (i.  e. , the  power  dissi- 
pated across  a 50nioad)  is  plotted  vs  power  dissipated  across  the  Ha  for  one  IDT. 

For  this  single-channel  device,  the  internal  bilinear  conversion  efficiency  Ft 
-42  dBm.  Note  that  this  is  internal  Ft  and  is  determined  by  considering  only  the 
input  power  dissipated  by  the  radiation  resistance  and  subtracting  all  additional 
losses.  Including  all  losses,  the  total  Ft  -72  dBm,  which  is  close  to  the  figure  of 
merit  being  obtained  with  LiNb03  AGC  devices.  The  loss  due  to  thin  metallization 
and  mismatch  amounted  to  15  dB  for  this  device.  If  the  resistive  losses  could  be 
eliminated  the  device  would,  therefore,  have  an  overall  efficiency  of  -57  dB,  a 
substantial  improvement  over  airgap  devices. 

Figure  29  shows  the  outputs  of  Channels  1 and  2;  note  that  the  photograph  of 
Channel  1 output  has  a scale  of  lOpsec/div  and  the  signal  appears  113  psec  later 
than  the  output  signal  for  Channel  2.  The  sum  of  the  outputs  of  Channels  1 and  2 is 
shown  in  Figure  30.  It  will  be  seen  that,  as  was  pointed  out  in  Chapter  II,  the  sum 
is  octagonal  in  shape.  It  would  be  easy,  by  proper  gating  of  the  input  signals,  to 
eliminate  the  nonlinear  feature  and  to  obtain  simple  two-channel  operation.  The 
principal  difference  between  one-  and  two-channel  operation  is  that  the  phase 
relationships  of  signals  at  both  the  inputs  and  the  outputs  are  very  important.  The 
main  problem  at  the  input  is  to  ensure  that  signals  of  equal  magnitude  are  fed  into  the 
convolver  channels.  For  the  two-channel  devices,  it  was  found  that  this  problem  was 
effectively  solved  by  using  coaxial  cables  of  identical  length  for  inputs  into  the  four 
terminals.  These  inputs  were  monitored  by  placing  Textronic  CT-13  signal  pickoff 
devices  at  each  input  terminal  and  displaying  the  signal  on  a high-impedance 
oscilloscope.  By  keeping  all  of  the  cables  equal  in  length,  the  inputs  could  be  kept 
equal  within  less  than  0. 1 dB. 

The  phasing  problem  is  more  complicated  at  the  outputs  of  the  device.  Here, 
if  there  is  any  deviation  in  either  phase  or  frequency  between  two  signals  the  result- 
ing summation  will  be  distorted  or  nonlinear,  and  output  with  reduced  amplitude  (or 
with  zero  amplitude  if  the  out-of-phase  signals  cancel)  will  be  produced.  An  example 
of  slight  distortion  due  to  phase  difference  is  shown  in  Figure  31.  Note  the  difference 
in  edge  linearity  for  the  sum  signals  compared  with  that  of  the  signal  shown  in 
Figure  30.  For  the  experiments  performed  here,  it  was  found  that  the  proper  phas- 
ing could  be  obtained  by  using  varying  lengths  of  cables  at  the  outputs,  and,  most 
importantly,  by  using  a line  stretcher  in  the  individual  arms.  By  noting  the  effect 
of  the  line-stretcher  adjustments  on  the  output,  it  was  determined  that  a phase 
difference  of  about  one  part  in  100  would  measurably  degrade  the  slope  of  the  sum 
signal.  It  is  likely  that  the  phasing  requirements  would  be  even  more  stringent  on 
phase-coded  waveforms.  It  is  important  to  note  that  the  phase  differences  need  not 
arise  from  the  summation  technique  used.  If  the  velocities  are  different  on  each 


43 


Figure  28.  Acoustic  Power  Input  to  the  ID'l's  vs  Electrical 
Output  Power  for  Single-Channel  Narrowband  Convolver 
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Figure  29.  Convolution  Output  of  Two  Channels  (7. 4- MHz  Input  Bandwidth) 
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Figure  30.  Summed  Output  of  Two  Channels 


substrate,  as  might  arise,  for  example,  if  slight  error  in  alignment  of  the  pattern  on 
the  crystalline  surface  were  made,  then  the  phasing  at  the  output  will  vary  with  time 
and  a beating  phenomena  will  occur.  This  was  not  observed,  however,  in  the  experi- 
ments performed  here.  The  line  stretcher  and  variable  length  cables  were  sufficient 
to  obtain  a satisfactory  sum  output. 

The  external  output  power  vs  acoustic  input  power  per  channel  for  one-  and 
two-channel  devices  measured  under  identical  conditions  is  shown  in  Figure  32. 

Note  that  separation  of  the  two  lines  is  ~3  dB  as  expected  for  two  channels.  The 
external  FT  for  the  single  channel  here  is~-81  dBm. 

A three-channel  summation  (still  with  10-finger-pair  IDT's)  is  shown  in 
Figure  33.  The  resistive  losses  in  these  input  transducers  were  especially  large 
(Rsa<250),  and  the  total  efficiency  was  decreased  accordingly  to  ~-106  dBm. 
Nonetheless,  the  three-channel  summation  having  a total  TB  of  250  ^vas  achieved. 

Results  with  the  wideband  transducers  are  shown  in  Figure  34.  These  data 
were  taken  with  the  dispersive  transducers  at  the  inputs.  Because  of  the  47.  5-dB 
loss  with  these  IDT's,  the  total  Ft  was  quite  low.  However,  we  were  able  to 
demonstrate  wideband  convolution  response  with  these  IDT's,  and  to  show  that  no 
stop  bands  are  present  over  the  ~46-MHz  range  investigated.  The  difference 
between  FT(lnt)  for  the  one-channel  devices  and  the  two-channel  device  is  about 
8 dB  or  5 dB  greater  than  expected.  This  is  largely  due  to  the  fact  that  contact 
problems  prevented  the  complete  strip  structure  from  being  utilized  in  one  channel. 

As  can  be  seen  from  Figure  25,  the  passband  of  the  dispersive  IDT  is  not 
uniform  and  falls  off  at  the  high-frequency  end.  However,  the  delayed  signal  is 
quite  flat  across  the  band  as  shown  in  Figure  35,  and  the  convolution  output  follows 
the  passband  reasonably  well  as  is  shown  in  Figure  36.  It  is  in  this  sense  that  we 
say  that  the  TB's  of  these  devices  correspond  to  519  and  1039,  respectively, 
although  the  passbands  are  not  measured  from  3 dB  points. 


46 


HI 


_l I J L 

10  5 0 6 

ACOUSTIC  INPUT  POWER  (dBm) 


_L_ 

10 


Figure  32.  Acoustic  Power  Input  to  the  IDTs  vs  Electrical 
Output  Power  for  One-  and  Two-Channel  Operation 


Data  for  all  convolvers  evaluated  are  summarized  in  Table  III.  2. 

Two  main  problems  with  this  convolver  design  unrelated  to  the  IDT  finger 
resistance  problem  discussed  above.  The  first  and  least -serious  of  these  problems 
concerns  the  direct  interaction  of  the  propagating  waves  across  the  air  gap.  The 
surface  of  the  silicon  was  at  least  3.  5 pm  above  the  piezoelectric  material  and  was 
5 pm  above  it  for  one  design.  From  calculations  using  Eqs  (22)  and  (28),  one 
would  expect  a nonlinear  coupling  coefficient  M on  the  order  of  10-5  volt/m/watt 
for  separations  of  this  kind,  corresponding  to  an  Ft  at  least  five  orders  of  magnitude 
below  that  expected  for  the  SCC.  In  Figure  37(a),  convolution  output  (wideband 
IDT's  used)  is  shown  when  the  Si  chip  is  placed  in  the  surface  of  the  piezoelectric 
material  without  pressure  applied  from  the  spring  steel.  Figure  37(b)  shows  the 
convolution  output  when  firm  contact  is  made  between  the  silicon  and  the  strips. 

This  latter  signal  is  ~21  dB  above  the  direct-coupled  output.  The  discrepancy 
between  measured  and  calculated  values  for  the  SCC  can  be  best  explained  by  the 
contact  problem  discussed  below.  The  air  gap  effect  could  be  eliminated  entirely 
by  coating  the  silicon  surface  over  the  piezoelectric  material  with  a thick  oxide 
layer  (~1000  A),  by  changing  the  packaging  design  so  that  the  silicon  does  not  span 
the  crystal  surface,  or  by  increasing  the  spacing  substantially  (i.e. , from  5 pm 
to  25  pm). 
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Figure  33.  Outputs  and  Sum  of  Three  Channels 
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Figure  34.  Acoustic  Power  Input  to  the  IDTs  vs 
Electrical  Output  for  One  Channel 


The  more  serious  problem  is  the  fact  that  the  silicon  ridge  must  be  maintained 
in  firm,  uniform  contact  throughout  the  extent  of  the  coupling  strips.  If  uniformity 
is  not  maintained,  the  interaction  region  will  not  be  filled  and,  as  a consequence,  a 
signal  with  reduced  TB  will  result.  An  example  of  this  is  shown  in  Figure  38(a), 
and  the  summation  of  one  such  signal  with  one  of  a different  width  is  shown  in 
Figure  38(b).  This  proolem  caused  a great  variation  in  the  internal  efficiencies 
listed  in  Table  2.  The  spring  steel-ball  bearing  system  was  designed  to  ensure 
uniformity,  but  there  were  problems  in  maintaining  uniformity  over  the  1.9  cm 
required.  To  solve  the  problem,  a new  mechanical  arrangement  could  be  designed 
so  that  adjusting  screws  were  on  both  sides  of  the  chip,  rather  than  on  just  one  side 
as  is  true  for  this  model  (see  Figure  12).  Another  possible  solution  to  this  problem 
is  discussed  in  Section  IV. 
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Figure  36.  Delayed  Signals  Through  the  Wideband  IDT's  at  Three  Frequencies 
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(b)  STRIP  COUPLED  CONVOLUTION  SIGNAL 


Figure  37.  Direct  Air  Gap-Coupled  Output  and  Strip-Coupled  Output 


OUTPUT  FROM  CHANNEL  1 WITH  CONTACT 
ON  ONLY  PART  OF  THE  INTERACTION  REGION 
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Figure  38.  Single-Channel  and  Two-Channel  Sum  Illustrates 
the  Uneven  Contact  Problem 

54 


SECTION  IV 


CONCLUSIONS 


The  work  |>erformed  during  this  program  has  demonstrated  that  the  multichannel 
approach  is  a valid  technique  for  achieving  large  time-bandwidth  products  with  a 
strip-coupled  convolver  design.  Devices  with  time -bandwidth  products  ranging  from 
83  to  1039  were  evaluated.  These  time-bandwidth  products  are  the  largest  ever 
reported  for  SCO's.  Further  devices  with  the  best  characteristics  had  internal 
efficiencies  close  to  theoretical  predictions  (i.e.  , Fq-  -42  dBm),  and  the  external 
efficiencies  of  these  devices  were  similar  to  those  currently  being  obtained  with 
LiNbO;j/Si  air-gap  convolvers  (Fj  ~-72  dBm). 

If  the  losses  at  the  inputs  and  outputs  of  these  devices  can  be  reduced  by  15 
dB  - 20  dB,  convolvers  with  external  efficiencies  of  up  to  -50  dBm  (~20  dB  greater 
than  currently  available)  are  a real  possibility. 

In  most  of  the  devices  tested,  a large  fraction  of  the  insertion  loss  could  be 
reduced  by  reducing  the  resistive  component  of  the  input  impedance  and  by  designing 
the  rA  to  equal  50f2.  For  the  best  devices,  the  resistive  component  accounted  for 
~12  dB  of  the  total  loss.  Loss  from  this  source  could  be  eliminated  by  increasing 
the  thickness  of  the  metallization.  The  problem  of  thin  metal  arises  in  fabricating 
a large  number  of  strips  of  equal  length  over  a large  area,  as  described  above. 

The  experience  gained  from  this  work  has  established  how  much  under-etching  to 
expect  and,  consequently,  how  much  wider  to  make  the  coupling  strips  to  account 
for  this  effect.  Thus,  the  finger  resistivity  problem  should  be  greatly  reduced  in 
any  future  processing  of  SCC's.  Beam  steering  and/or  diffraction,  which  constitutes 
from  2 dB  to  4 dB,  can  also  be  largely  eliminated  by  alignment  procedures  in  the 
first  instance  or  transducer  design  in  the  second.  As  the  coupling  strips  themselves 
contribute  approximately  4 dB  of  insertion  loss,  an  ultimate  loss  of  10  - 15  dB 
could  be  expected  for  a device  having  IDT's  with  optimum  bandwidth  and  aperture. 

With  the  best  devices  tested  during  the  program,  this  would  give  an  external  F,p 
of  -52  to  -57  dBm. 

Another  problem  which  contributes  to  lower  efficiencies  is  that  of  maintaining 
a uniform  contact  between  the  silicon  and  the  coupling  strips.  If  for  any  reason  there 
is  uneveness  at  the  silicon-strip  interface  — as,  for  example,  because  of  dust  on 
the  line,  chip  cocked  at  an  angle,  or  nonuniformly  applied  pressure  — the  signal  will 
not  fill  the  full  interaction  region  and  the  time- bandwidth  product  and  the  efficiency 
wi  11  be  reduced.  The  spring  steel-ball  bearing  system  employed  for  this  project  was 
not  completely  satisfactory  and  a number  of  modifications  suggest  themselves.  The 
most  satisfactory  approach  would  be  to  fabricate  the  device  monolithically  with 
piezoelectric  material  and  semiconductor  grown  on  adjacent  parts  of  the  same  struc- 
ture, or  to  cement  the  chip  in  place. 

To  summarize,  we  feel  that  the  work  performed  during  this  program  has 
demonstrated  the  validity  of  the  basic  multichannel/strip-coupled  concept,  and  that 
further  development  could  produce  a device  with  advantages  over  existing  techniques. 


SECTION  V 


RECOMMENDATIONS 


Thu  goal  of  this  project  was  progress  toward  devices  with  time-bandwidth 
products  up  to  5,000.  Using  BGO,  a 5000-TB  device  requires  five  channels,  with 
substrates  approximately  8 in.  long.  A time-bandwidth  product  of  this  magnitude 
was  felt  to  be  a reasonable  goal,  provided  all  losses  had  predicted  values.  Sub- 
stantial progress  toward  the  realization  of  the  goal  of  large-TB  devices  was  made. 
Problems  were  experienced  with  obtaining  2 -pm  line  widths,  due  to  the  photomask's 
having  narrower  lines  than  gaps;  this  condition  necessitated  thinner  metallization  than 
originally  planned,  which,  in  turn,  increased  resistive  losses  in  the  transducers. 

Also  the  contact  between  the  strips  and  the  silicon  was  difficult  to  maintain  with 
uniformity  over  the  interaction  region,  further  reducing  efficiency.  Therefore,  all  of 
the  work  performed  on  this  contract  was  with  the  original  design  employed  in  some- 
what easier-to-fabricate  three-channel  devices.  These  devices  had  potential  TB's  of 
up  to  1,700  and  were  used  to  demonstrate  the  multichannel  concept. 

We  feel  that  the  results  of  this  program  are  sufficiently  encouraging  to  warrant 
further  development  of  the  multichannel  concept  for  devices  with  large  TB  products. 
The  main  problems  associated  with  the  current  model,  namely,  the  fabrication 
difficulties  and  the  nonuniformity  of  contact,  were  discussed  in  Section  III.  In 
addition  to  these  efficiency  problems,  miniaturized  phase  shifters  at  the  outputs  will 
be  required  to  ensure  proper  summation  of  the  output  signals  for  practical  devices. 

The  use  of  LiNbOg  will  eliminate  most  of  the  processing  problems  experienced 
on  this  program,  since  LiNbOg  is  much  harder  and  far  more  chemically  inert  than 
BGO  and  is  readily  available  at  substantially  lower  cost.  The  contact  problem,  on 
the  other  hand,  is  soluble  by  improved  packaging  design.  Miniature  phase  shifters 
operating  in  the  200-500  MHz  range  are  available,  and  they  are  suitable  for  the 
compact  devices.  To  continue  this  effort,  therefore,  we  basically  recommend: 

(1)  switching  to  LiNb03  as  the  piezoelectric  substrate,  (2)  designing  a new  chip-strip 
contact  technique,  and  (3^  developing  packaging  containing  all  of  the  essential  phase- 
shift  elements.  The  elements  of  the  proposed  program  are  outlined  below. 

5.1  MATERIALS 

In  the  initial  stage  of  the  continuing  program,  we  propose  using  the  same  mask 
that  was  designed  under  the  current  contract  to  define  structures  on  LiNb03.  As 
3-1/2-in. -long  LiNb(>3  substrates  are  readily  obtainable  in  quantity,  a number  of 
these  bars  could  be  processed  simultaneously.  With  aluminum  on  LiNb03>  the 
fabrication  would  be  straightforward,  and  no  major  problems  should  be  expected. 
Thus,  with  the  narrowband  IDT  inputs,  we  could  expect  an  insertion  loss  of  no  more 
than  15  dB  and  for  the  PRT  approximately  25  dB.  These  figures  include  the  approxi- 
mately 5-dB  loss  due  to  the  coupling  strips. 

Consider  Eq  (22)  in  Chapter  II.  For  the  identical  geometrical  parameters  as 
used  for  the  BGO  device,  an  M value  of  0.  06  is  obtained.  From  Eq  (26),  this  yields 
a value  for  the  internal  bilinear  conversion  efficiency  Ft  of  -30  dBm.  Including  the 
losses  above,  this  would  give  single-channel  efficiencies  of  -45  dBm  and  -55  dBm, 
respectively. 
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The  device  would  have  a time -bandwidth  product  of  1221.  One  drawback  in 
using  LiNbOg  is  that  the  higher  velocity  of  the  material  dictates  either  a shorter  inter- 
action time  nor  a longer  substrate.  However,  a given  SAW  structure  will  have  a 
synchronous  frequency  on  LiNbOg  twice  that  on  BGO.  Therefore,  if  the  total  inter- 
action time  is  less  important  than  the  time  bandwidth  product,  one  can  trade  off  time 
for  bandwidth  and  obtain  the  same  time-bandwidth  product.  To  increase  this  to  200, 
a new  pattern  which  increased  the  length  of  the  interaction  region  and  raised  center 
frequency  would  be  designed.  Taking  2 pm  as  a comfortable  lower  limit  for  the 
coupling  strip  width,  an  SCC  with  center  frequency  of  300  MHz  could  be  readily 
fabricated.  With  the  phase-reversed  transducer  having  a bandwidth  of  111  MHz,  an 
interaction  region  of  (i.  2 cm  would  be  required  to  achieve  the  2000:1  TB.  This  could 
be  accomplished  with  only  three  channels,  as  the  required  2.  1-cm  interaction  region 
per  channel  is  not  significantly  different  from  that  used  in  the  current  design. 

5.2  SILICON/STRIP  CONTACT 

In  order  to  ensure  that  the  predicted  efficiencies  are  achieved,  the  chip  must 
be  maintained  in  uniform  contact  with  the  coupling  strips.  With  the  spring  steei/ball 
bearing  as  the  arrangement  used  for  these  experiments,  it  was  not  easy  to  achieve 
repeatable  results.  Since  all  mechanical  techniques  have  similar  problems,  we 
propose  to  solve  this  problem  by  permanently  afixing  the  chip  to  surface. 

5.3  OUTPUT  PHASE  SHIFTERS 

To  make  certain  that  summation  is  achieved  at  the  outputs,  small  phase  shifters 
operating  in  the  200  MHz-500  MHz  range  will  be  incorporated  into  the  package  design. 
Analysis  of  the  optimum  input/output  configurations  will  be  performed  before  the 
design  is  finalized. 

To  see  what  efficiencies  might  be  expected  on  LiNbOg,  value  can  be  substituted 
into  Eq  (22)  (Chapter  II).  As  before,  we  let  the  stripwidth-to-coupling  ratio  (a/b)  be 
equal  to  0.  1,  and  let  the  thickness  of  the  oxide  layer  go  to  zero.  We  would  expect 
I'/cjc  for  LiNbOg  to  be  similar  to  the  BGO/Si  structure, so  thatwc/f’  would  be  less 
than  one.  We  obtain  M values  of  6.  5 x 10~2,  3.  25  x 10-2,  and  2.  16  x 10-2  for 
100  MHz,  200  MHz  and  300  MHz,  respectively.  I>'t  can  be  calculated  from  Eq  (26). 
Table  3 presents  a number  of  possible  LiNbOg  devices  with  time-bandwidth  products 
up  to  5000  which  are  attainable  with  the  multichannel  SCC  approach.  The  IDT  loss 
column  assumes  no  finger  resistance  loss.  Note  that  the  final  column  assumes  a 
2 dB/cm  loss  across  the  coupling  strips  and  the  losses  associated  with  the  dividing 
signal  into  channels. 

The  goal  of  this  program  continuation  will  be  to  achieve  a device  having  a 
time-bandwidth  product  as  large  as  practical,  and  which  can  be  inserted  into  a system 
for  direct  comparison  with  existing  devices.  From  the  work  performed  to  date,  we 
would  expect  the  multichannel  SCC  to  have  an  efficiency  of  up  to  two  orders  of 
magnitude  greater  than  current  designs. 
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